Mesenchymal stem/stromal cells are effective therapeutic agents for a variety of pathological conditions. However, the molecular mechanisms underlying their action remain largely unknown and biased by in vitro studies. In this concise review we have described recent advances in MSC therapeutics based on in vivo observations. We have also discussed the possibility of using engineering approaches to improve and facilitate deciphering MSC functions.
Introduction
The first appearance of mesenchymal stem cells (MSC) in the literature dates back to the early '70s in a work conducted by Friedenstein, in which MSC were isolated from rodent bone marrow as a plastic adherent fibroblast-like cell population capable of in vitro clonogenic expansion and condrogenic, osteogenic and adipogenic differentiation [1, 2] . The descriptive nomenclature that is currently used has been originally conceived by Caplan [3] , who included other characteristics that contributed to greatly increase the interest in this cell type, such as the suitability for tissue engineering practice and the capability to secrete a broad spectrum of bioactive molecules. It is not surprising that MSC are being tested in many clinical trials for ailments of different aetiology, organ distribution and underlying pathogenesis [4] . The preparation of clinical-grade MSC involves a phase of isolation and ex vivo expansion that enrich an originally rare population until a 'therapeutic' dose is achieved [5] . Despite their convincing therapeutic activity, it is not yet known to what extent the medicinal reagent resembles the primary cell population sourced from the tissue [6] . Therefore, a better understanding of the differences between native and cultured MSC [7] could shed light on their biology and the pathways involved in producing clinical benefits.
Culture expanded MSC represent a heterogeneous cell population, ranging from mesenchymal progenitors, stromal fibroblasts and pericytes. Whilst not expressing markers that typically pertain to hematopoietic and endothelial lineage, a set of stromal markers such as CD90, CD105, CD73, CD106, CD166, CD44 and Stro-1 are frequently detected [8] , although with some variation related to the tissue from which they are isolated [9] . Initially sourced from adult bone marrow (BM-MSC), MSC can be successfully expanded from adipose tissue (AD-MSC), as well as from other anatomical districts such as lung, heart, hair follicles (HFSC), granulosa (GC), dental pulp [10] . There is now much interest in MSC derived from tissues of foetal or neonatal provenance: umbilical cord (UC-MSC) and cord blood (CB-MSC) [11] , umbilical cord Wharton's jelly (WJ-MSC), placenta decidua basalis (PDB-MSC) and amniotic membrane (AM-MSC) [12] because of the ease of procurement and the advantageous logistics of fast cell expansion in vitro [11] . However, there is no convincing evidence in support of choosing one source rather than another for therapeutic purposes. The option of adult MSC could be justified by the necessity of using an autologous product which would not be subject to immunological rejection. The major limitations to such an approach are an inefficient cell expansion from adult donors and evidence that MSC derived from some patients appear to be therapeutically less efficacious than those from healthy donors [13] .
MSC are clinically interesting for their regenerative properties and they found ample applications regarding liver [14] , cardiovascular [15] , musculoskeletal and orthopaedic [16] (including cartilages defects following trauma [17] , osteoarthritis [18] , rheumatoid arthritis [19] , osteoporosis, osteonecrosis and osteogenesis imperfecta [20] , degenerative disc disease [21] ), neurological (including amyotrophic lateral sclerosis (SLA) [22, 23] and Alzheimer's disease [24] ), renal and autoimmune diseases [25, 26] .
Those related to immune-mediated disorders are probably the most convincing clinical applications of MSC because of their immunomodulatory properties. A number of successful clinical trials have been conducted in severe acute GvHD [27] , solid organ transplantation [28] and in autoimmune disorders like Crohn's disease [29] and multiple sclerosis [30] .
MSC Immunosuppressive Properties In Vivo
MSC immunosuppressive activity has largely been described both in vitro and in vivo, but information on mechanistic details in vivo are still limited. This is particularly important in light of the observation that MSC are not constitutively immunosuppressive but need a 'licensing' process usually provided by inflammatory molecules [31] . Among others, IFN-γ seems to be one of the most potent licensing factors [32] , while TNF-α and IL-1 synergise with IFN-γ priming [33] . Immunosuppressive licensing is part of the more general concept of MSC polarization toward an inhibitory rather than a pro-inflammatory phenotype, as a consequence of the specific duration and concentration of a stimulus [34] as well as the complex of interactions with cells of both innate and adaptive immune systems [35, 36] . By way of example 'unlicensed' MSC can promote adverse effects instead of being therapeutic, as demonstrated by the accelerated graft rejection in rats receiving MSC 4 days before heart transplant [37] , and in certain condition, MSC immunosuppressive functions can be inhibited instead of licensed by soluble factors released by pre-activated lymphocytes [38] .
One of the crucial modalities by which MSC exert their immunosuppressive properties is through essential amino acid-metabolizing enzymes such as indoleamine 2,3-dioxygenase (IDO) and nitric oxide synthase, inducible (iNOS), cyclooxygenases (COX) metabolite prostaglandin E2 (PGE2), tumor necrosis factor α-induced protein 6 (TSG6) and transforming growth factor β (TGFβ). MSC can also elicit other immune-regulatory cell populations such as regulatory T-cells (Treg), myeloid derived suppressor cells (MDSC) and tolerogenic dendritic cells (DC).
Despite the types of mechanism are somehow similar in nature, there are species-specific differences. For example, MSC sourced from monkey, pig and human primarily employ IDO as effector molecule whilst MSC from mouse, rat, rabbit and hamster utilize iNOS [39, 40] . This discrepancy has been already described in a variety of models including also antimicrobial effector function [41] or in other cell types such as macrophages [42] . However, human skin-derived MSC seem able to produce NO especially when analysed in subject with psoriasis [43] .
IDO acts on tryptophan to produce N-formyl-kynurenine. Tryptophan depletion and the accumulation of kynurenine pathway metabolites contribute to modulate the activity of the immune, reproductive and central nervous systems [44] . In vitro exposure of MSC to IFN-γ up-regulates IDO expression whilst TNF-α by itself does not but can synergise with IFN-γ [45] . In vivo IDO up-regulation, along with other immunoregulatory factors, has been described in a pig model of femoral artery transplantation following the infusion of autologous MSC. However, since IDO was detected on the vascular graft this study did not unambiguously determine if IDO up-regulation occurred within MSC or in other cell types [46] . MSC have been proved to be directly responsible for the increase of kynurenine levels, in a model of kidney allograft tolerance. IDO −/− MSC or the IDO inhibitor 1-methyl-tryptophane abolished the kynurenine increment and consequently allograft tolerance. This work also reported an increase in the percentage of CD4 + CD25 + Foxp3 + Treg and the failure to achieve graft tolerance upon antibody-induced CD25 + depletion, indicating the presence of further contributing mechanisms in the induction of MSC mediated immunosuppression [47] . Studies in humans have corroborated the primary role of IDO up-regulation. Wang and colleagues demonstrated that the intravenous infusion of UC-MSC, into 6 patients affected by systemic lupus erythematosus produced an increased level of serum kynurenine. However, no changes in serum tryptophan concentrations were detected. The increase in circulating CD8 + T-cells number and serum level of IFN-γ have been suggested to induce IDO expression in MSC [48] . Interestingly, as previously reported, patient derived MSC were unable to up-regulate IDO upon in vitro IFN-γ treatment.
MSC-related iNOS activity has been proved to contribute to immunosuppression in rodents. Adult rat derived MSC were effective in improving recipient survival after receiving allograft heart transplantation. MSC treatment completely lost the beneficial effect upon administration of iNOS inhibitor aminoguanidine [49] . Similarly, in a model of collagen-induced arthritis (CIA), iNOS −/− MSC were less effective in comparison to wild-type MSCs in reducing clinical severity [50] .
iNOS expression in vivo could be negatively regulated by the suppressor of cytokine signalling 1 (SOCS1) and p53. As recently demonstrated, MSC shRNA silenced for SOCS1 have been shown to dampen OVA induced delayed-type hypersensitivity (DTH), as well as to boost the growth of B16-F0 melanoma thus suggesting an increased immunosuppressive capability. [51] . The co-injection of p53 −/− MSC with a B16-F0 melanoma increased tumor growth in an iNOS dependant manner, [52] . Both studies indicated the co-existence, within the IFN-γ/TNF-α activating axis, of negative regulatory checkpoints that could promote the fine tuning of in vivo MSC immunosuppressive activity.
Prostaglandins have a variety of physiological and immunological effects [53, 54] . PGE2 in particular supports phagocyte-mediated inflammation but can also skew type 1 into type 2 immune responses or enhance immunosuppressive activity of Treg and MDSC [55] . PGE2 has been one of the first effector molecules to be identified in MSC repertoire. Despite the pivotal role of iNOS in MSC therapeutic efficacy [50] , Bouffi and colleagues demonstrated that IL-6 −/− MSC mimicked iNOS −/− phenotype in the CIA model. IL-6 −/− MSC showed a concomitant down-regulation of the immunoregulatory molecule PGE2. The parallel down-modulation of IL-6 and PGE2 has recently been described as a result of the genetic impairment of the Notch signalling pathway in MSC from mice deficient for RBP-J, the transcription factor mediating Notch receptor signalling. RBP-J −/− MSC were unable, as compared to their wild type counterpart, to increase survival in a murine model of acute GvHD [56] . It has been also demonstrated that Notch-dependant up-regulation of COX-2 could be due to a self-activating process mediated by the in vivo aggregation of MSC into spheroids in a non-inflammatory context [57] .
Although MSC immunosuppressive mechanisms mediated by amino acid depleting enzymes such as iNOS and IDO, or inhibition of COX-2 appear to be prominent in vivo, further interactions and cross-talk with other immuneregulatory cell types, cytokines and effector molecules have been proposed. MSC can reshape the inflammatory microenvironment modulating the expression of pro-and anti-inflammatory cytokines, such as IL-2, IFN-γ/TGF-β1, IL-10, as well as skewing Th1/Th2 responses and Treg/Th17 balance in a number of in vivo models comprising cardiac [58] , renal [59] and skin [60] allograft rejection as well as different models of inflammatory colitis [61] [62] [63] . MSC can impair the immune response through down-modulation of MHCII and CD69 expression on CD11b + cells [64] , or the inhibition of CCR7 and CD49dβ1, counteracting DC migration to lymph nodes in acute GvHD [65, 66] .
MSC showed renoprotective capacity in a model of ischemia reperfusion injury by inducing CD11c + cells to secrete IL-10. In this model CD11c + cell depletion caused complete abrogation of the MSC renoprotective action, whilst the adoptive transfer of wild-type but not IL-10 −/− CD11c + cells restored the therapeutic activity [67] . MSC can ameliorate the clinical severity of ischaemic injury by modulating the infiltration of M2 macrophages in kidney [68] or heart [69] . MSC have been shown to mediate the expansion of human MDSC in vitro through hepatocyte growth factor (HGF) [70] and growth-regulated oncogene (GRO) chemokines [71] . In contrast, in vivo tumor-mediated generation of MDSC was inhibited by MSC in a model of murine hepatoma, ameliorating mouse survival [72] .
How can MSC Be Better Studied In Vivo?
In-depth characterization of the immune-modulatory properties of MSC in vivo is impaired by the lack of appropriate tools to track and retrieve them from the recipient. Understanding where MSC home and engraft would give vital information on how the environment affects MSC immunosuppressive licensing and therapeutic targets. Furthermore, information about MSC biodistribution is likely to generate important pharmacokinetic data for the regulatory issues associated with clinical use [73] .
Despite the existence of a number of strategies for cell tracking, not all of them are effective to visualise MSC after infusion. Tracers like 5-bromo-2'-deoxyuridine (BrdU), GFP or luciferase, although extensively exploited, suffer, particularly when used for non-invasive imaging, of low sensitivity and non-specific signal due to protein re-uptake by recipient phagocytes [73] .
Magnetic resonance imaging (MRI) could provide an interesting approach especially in applications that require scanning access to deep anatomical districts and organs. By way of an example, MSC transduced with ferritin heavy chain (FTH), which promote iron incorporation, have been used to track the infused cells without the transgene changing MSC biological properties [74] . On the other hand MSC labelled with the standard MRI contrast agent gadolinium via lipid transfection [75] or superparamagnetic iron oxide (SPIO) nanoparticles [76] can also be monitored without the necessity of a genetic manipulation of MSC. Nanoparticle-labelled MSC have been used in a mouse model of Chagas cardiomyopathy. MRI was used to demonstrate either the absence of MSC homing to the cardiac tissue (evidence that comes out in favour of indirect effects) and the reduction of hart dilatation in MSC-treated group [77] . 111 Indium-oxine has been used to track MSC injected in patients with advanced cirrhosis, showing that most MSC were able to reach the liver and spleen within 48 h from infusion and still detectable 10 days later [78] . An alternative to MRI could be computed tomography (CT) with gold nanoparticles (GNP) as contrast agent. GNP-loaded human MSC have been found to home to rat brain and persist one month after infusion in FSL rats, a genetic model for depression [79] .
Positron emission tomography (PET) has also been used for MSC non-invasive imaging. MSC have been successfully labelled and tracked with 18 F-FDG, a positron-emitting glucose analogue that is taken up and metabolically trapped by cells, both in animal models [80, 81] and in patient with acute myocardial infarction [82] .
Although MSC tracking could help to explain the modalities of their therapeutic effects, a further crucial piece of information necessary to characterise their molecular activity in vivo is the possibility to recover the cells from the recipient after their administration. Embedding MSCs into engineered scaffolds can be a suitable option for both clinical applications and to address scientific questions. These materials can protect MSC from immunological rejection and increase their persistence in situ. Furthermore, they offer the opportunity to retrieve the cells after their implantation. Different types of polymeric scaffolds are available, including porous or nanofibrous matrices, sol-gel transition hydrogels and porous microspheres, in which cells can be embedded or seeded [83] . Alginate has been successfully used for MSC. It has been demonstrated that, after encapsulation, MSC retain their progenitor properties [84] and do not undergo cell proliferation [85] . Encapsulation does not impede in vitro MSC licensing by IFN-γ and TNF-α treatment [86] and encapsulated MSC appear to retain in vivo clinical efficacy in a model of spinal cord trauma, in which they promote M2 differentiation of macrophages in the injured tissue [86] . In a model of acute GvHD, encapsulated MSC implanted subcutaneously have been demonstrated to be effective and superior to control MSC administered intravenously in improving clinical score and survival [87] . Similar results have been reported for the use of MSC in the treatment of liver fibrosis [88] . Human BM-MSC, cultured and delivered in a poly-lactic-co-glycolic acid nanofiber scaffold promoted the reduction of systemic inflammation in CIA [89] . In another study, MSC cultured on collagen sponges were transplanted into rat calvarial defects and efficiently recovered after 7 and 14 days from transplant for genomic profile characterization [90] . Lastly, MSC multi-layered cell sheet coupled with a porous acellular scaffold from bovine pericardium have been used to patch infarcted rat heart and demonstrated to produce improved ventricular function. Patches recovered after 12 weeks showed that a substantial portion of implanted MSC had differentiated into myofibroblast or smooth muscle cells [91] .
Concluding Remarks
Despite the large number of in vitro studies, the mechanisms of MSC therapeutic activity in vivo remain unclear. Technical expedient aimed at retrieving MSC after their transplantation into recipients would offer the possibility to understand their function by interrogating MSC gene expression, proteomic and metabolomics profiles. Scaffolds can be an excellent tool to address this problem although permeability to host cells that is a function of pore size [92] , topography, biochemical properties [93] , changes in cell-adhesion and mechanotransduction (hydrodynamic and mechanical stress) [94] has to be taken into account in order to modulate and interpret correctly the contribution of soluble factors and cell-to-cell contact to MSC immunosuppressive licensing and effector mechanisms.
